Proton therapy represents the most advanced form of radiotherapy currently available. Hepatocellular carcinoma (HCC) has been extensively treated with proton therapy since 1983 with encouraging results in terms of effectiveness and safety, as reported in recent research articles, systematic reviews and meta-analyses. In this report, we summarized for the first time the results of proton therapy treatment for HCC according with respect to the Barcelona Clinic Liver Cancer Staging System, the most adopted classification system for HCC which provides information on both prognostic prediction and treatment allocation.
Introduction
Hepatocellular carcinoma (HCC) accounts for 80%/90% of all primary liver cancers, which represent the second most common cause of cancer-related death worldwide [1] . In the USA, primary liver cancer is a relatively rare tumor; its incidence, however, has been rising on average 4.1% each year over the last 10 years [2] . A certain level of hepatic impairment (cirrhosis) is common in most patients.
Despite the several treatment options available for HCC, overall 5-year survival is below 20% [2] . Nevertheless, localized, early stage cancer can be offered a curative approach, which essentially consists in surgery (re-section or liver transplantation) or tumor ablation [3] .
The use of radiotherapy in the treatment of HCC is not recognized as a standard of care worldwide; it is generally considered as an alternative to ablation/chemoembolization for unresectable HCC in USA and Asia [4] [5] , whereas European guidelines are hesitant to include radiotherapy as a treatment option for this disease [6] due to the lack of high level evidence and the risk of potentially lethal treatment related liver toxicity.
However, relatively modern irradiation techniques such as stereotactic body radiotherapy (SBRT) allow for delivering high doses to the tumor target with reasonably low doses to the surrounding liver and other nearby healthy tissues. The results in terms of local control and toxicity reported by several phase I and II studies are encouraging [7] [8] . Moreover, a randomized phase III study evaluating the survival benefit of SBRT in addition to the current standard of care for unresectable HCC is currently ongoing (NCT01730937).
Proton therapy (PT) represents a unique method to deliver radiotherapy which exploits the physical properties of protons of a finite range in tissue to ensure low entrance dose and quasi-zero dose beyond the end of their path [9] . These properties are particularly suitable for HCC treatment, where the therapeutic window is narrowed by the need of a high radiation doses for tumor control in the context of a cirrhotic liver, whose tolerance to radiation is low [10] .
It is estimated that more than 50 PT facilities will be active worldwide at the end of 2014 [11] .
As of HCC treatment, the first clinical results came from the University of Tsukuba, Japan, (PMRC) where clinical application of PT started in 1983. Up to date, six Centers reported the results of the use of PT for HCC patients: the main clinical results reported in literature are summarized in Table 1 . PT was considered a welltolerated treatment in all the reported series; skin-dermatological and gastrointestinal toxicity represented the most frequent reported adverse events.
The outcomes of almost 1000 patients have shown the effectiveness and safety of PT for HCC patients. During the thirty-year experience of PT treatment for HCC, several treatment schedules were developed and delivered to a heterogeneous group of patients (i.e.: various staging and liver functionalities).
The Barcelona-Clinic Liver Cancer (BCLC) Staging system [12] was firstly proposed in 1999 and it represents the most adopted classification system for HCC. Compared with other HCC staging systems, it represents an evolving system that links tumor stage with treatment strategy in a dynamic manner. It offers a prognostic stratification of patients with HCC (Figure 1(a) ). It divides patients into five stages (0, A, B, C, D) according to pre-established prognostic variables, and allocates therapies according to treatment related status. Further refinements in class stratification or treatment allocation resulting from positive end-trials are expected in the following years. It has been endorsed by both the European and the American Association for the Study of the Liver [6] [13] .
In this report, we attempted to summarize the clinical results for patients treated with PT according to the BCLC Staging system (Figure 1(b) ). was registered for CP A disease, which was significantly higher than the 44.5% survival at 5 years reported for Child-Pugh B patients.The recent phase I dose escalation study by Kim et al. [16] reported a 3-year overall survival of 73.3% in the high dose level (72 GyE in 24 fractions). Patients experiencing a complete response (CR) after PT survived significantly longer compared with non-complete responders. CR was achieved in 77% of BCLC stage A patients. Separate survival data according to BCLC stage were not provided.
Very Early-Early
A phase III study is ongoing with the aim of comparing hypofractionated PT vs radiofrequency ablation in patient with residual-small HCC (NCT01963429). * The studies coming from PMRC, HYMBC and NCCHE present an overlap of patient population between the series; ** Toxicity scored according to the National cancer Institute common criteria and to the RTOG radiation morbidity score; *** transarterial chemoembolisation, percutaneous ethanol injection, percutaneous microwave coagulation, radiofrequency ablation; The standard treatment option for multinodular HCCs is chemoembolization, a palliative treatment which has been demonstrated to improve survival compared with placebo in a randomized trial [17] . In the series from Komatsu et al. [15] 32 patients in the proton therapy group and 15 patients in the carbon ion arm were staged as stage B. The 5-year overall survival for the whole group was 23.7%. In the study by Kim et al. [16] , a CR was achieved in 70% of stage B patients. The Loma Linda University (LLUMC) is currently recruiting HCC patients in a randomized trial of chemoembolization versus PT (NCT00857805). BCLC Stage C includes patients with heterogeneous disease related variables which bear a poor prognosis. In this setting, the multikinase inhibitor sorafenib represents the standard of care since its efficacy has been demonstrated in two phase III randomized trials [18] [19] .
Advanced Stage
As of PT, in the series from HIMBC, the 5-year survival for BCLC stage C patients was 30%. In the study by Kim et al. [16] four patients were staged as BCLC C: CR rate was 100%.
The use of radiotherapy has shown promising results in case of portal vein tumor (PVT) invasion [20] , which represents a poor prognostic factor with limited treatment options.
As of PT, two studies investigated the efficacy of protons in the subset of patients with PVT. Sugahara et al. The role of PT in combination with sorafenibfor advanced stage HCC is currently being evaluated by LLUMC, USA in a randomized trial (NCT01141478).
Terminal Stage

BCLC Stage D (Child Pugh C, Performance Status >2)
There is currently no standardized treatment option for Stage D patients apart from best supportive care.
In the series by Komatsu et al. [15] 2% of patients in the proton therapy group were staged as BCLC D. Median survival was less than 10 months with no patients surviving more than 36 months.
The prospective phase II study of Bush et al from the LLUMC [23] evaluated the effectiveness of a 15 fraction schedule of PT for HCC treatment; median survival for CPC patients (24%) was 12 months.
Hata et al. [24] evaluated the effectiveness of PT in CP C patients treated at PMRC between 1990 and 2000. Among the 197 HCC patients treated with HCC, 19 patients (9.6%) presented with CP C cirrhosis (range 10 -14) . The overall survival at 1 and 2 years were 53% and 42%, respectively; the median survival was 17 months.
Conclusions
Recent reviews have investigated the role of PT in the treatment of HCC [25] - [27] . The main findings of these works are that the use of PT for HCC registered impressive clinical results in terms of effectiveness and safety in almost all studies. Prospective data, however, are lacking and cost-effectiveness analyses were not provided. Noteworthy, the amount of clinical data led to the inclusion of HCC among the six disease sites in "Group 1" indications for PT (i.e. along with childhood tumors and other clinical conditions that are recommended for coverage by insurance based on existing data) by the American Society for Radiation Oncology (ASTRO) [28] .
In this report, we attempted to analyze the results of PT studies for HCC on the basis of the BCLC staging system, the currently most adopted staging system for hepatocellular carcinoma which includes prognostic variables related to tumor status, level of cirrhosis and performance status along with treatment-dependant variables retrieved from randomized trial and cohort studies.
The present analysis was limited basically by three factors: 1) the BCLC score has been rarely reported in the PT studies (it was used by only two out of the 21 studies summarized in Table 1) , 2) the attempt to determine the BCLC score on the basis of the patients' characteristics and to correlate it with the reported results was hampered by the lack of comprehensive outcome data (i.e. clinical results stratified according to patient's performance status) 3) the low level of evidence of the PT studies weakens the analysis' results. However, when feasible, the association between BCLC stage and clinical results showed that PT for early stages (0-A) registered survival results which are comparable with the standard curative options.
The survival rates for intermediate and advanced stages (B-C) seem superior to those currently achieved with standard treatments and deserved to be confirmed in larger, controlled trials. Terminal stage was sporadically treated with PT with good results in terms of effectiveness and safety.
In order to allow a direct comparison between PT and current standard of care for HCC, the BCLC Stage should be routinely included in future studies regarding the role of PT in HCC treatment.
